and then they gradually decreased at every temperature. Irrespective of the kind of substrate, ring formation occurred, and cyclo-(glycyl-L-leucine) was one of the final products. The reaction rate constants related to degradation were estimated under the assumption that all the reactions obeyed first-order kinetics, and the simulated results corresponded well with the experimental ones in every case.
Water maintaining its liquid state at high temperatures but below 374 C under pressurized conditions is called subcritical water, or compressed hot water. Subcritical water possesses two distinct properties as compared to ambient water: a low dielectric constant, and a high ion product at higher temperatures. The latter indicates the possibility that subcritical water can act as an acidic and/or basic catalyst due to the high concentrations of both hydrogen and hydroxide ions at high temperatures.
The degradation of renewable bioresources, including bio-based wastes, by subcritical water treatment has been attempted to obtain their constituents. One of the main constituents of bioresources is protein, and amino acids can be recovered by the hydrolysis of protein by subcritical water treatment. [1] [2] [3] [4] [5] Because many constituents are exposed to subcritical water, it is essential to analyze fundamentally the kinetics of the degradation of protein and related peptides in order to understand the complex phenomena occurring during treatment. Although there are some reports dealing with the degradation kinetics of some amino acids and proteins, [3] [4] [5] [6] [7] [8] [9] knowledge of the degradation of oligopeptides is currently insufficient.
We have examined the degradation of hydrophobic amino acids with branched chains. 6) In this study, we investigated the degradation kinetics of two dipeptides with branched chains, glycyl-L-leucine (G-L) and Lleucyl-glycine (L-G), which are among the simplest peptides, in subcritical water as a model reaction. Degradation of G-L and L-G in subcritical water was performed at 200-240 C. The degradation of cyclo-(glycyl-L-leucine) (cyclo-G-L), which formed during treatment and is composed of one glycine residue and one leucine residue, was also accomplished. The reaction rate constants were estimated under the assumption that all the reactions obeyed first-order kinetics.
Materials and Methods
Materials. G-L, L-G, and cyclo-G-L were purchased from Bachem (Bubendorf, Switzerland). All other chemicals were from Wako Pure Chemical Industries (Osaka, Japan) or Tokyo Chemical Industry (Tokyo).
and L-leucine (Leu) were treated in subcritical water using a flow reactor system similar to those used in a previous study. 6 ) Each dipeptide, cyclo-G-L, Gly, or Leu, was dissolved in distilled water at 10 mmol/L. The solution was degassed by ultrasonic vibration and delivered to a tubular reactor at a constant flow rate to achieve the prescribed residence times of 10-180 s. The reactor system consisted of an HPLC pump (LC-10ATVP, Shimadzu, Kyoto, Japan) connected to an SUS 316 tube (0:8 mm I.D. Â 1 m) which was immersed in an oil bath thermostated at 200-240 C. The outlet end of the tubular reactor was then connected to an SUS 316 tube immersed in an ice bath to terminate the reaction immediately. The pressure was maintained at about 20 MPa with a high pressure adjustable back-pressure valve (Upchurch, WA, USA). The effluent for analysis was collected in a test tube after about 10 times the length of the prescribed residence time had elapsed. Purification of the main product. Because it was cyclo-G-L that was mainly formed, cyclo-G-L was purified by extraction. The effluent (about 100 mL) containing cyclo-G-L was mixed with an almost equal volume of ethyl acetate, and well shaken. After phase separation, the organic phase was washed 3 times with distilled water and then dehydrated with an excess amount of sodium sulfate, followed by solvent evaporation to obtain powdery cyclo-G-L. The product, cyclo-G-L, was certified by comparison with authentic cyclo-G-L using 
Kinetic Model
The proposed model for the degradation processes of G-L and L-G is shown in Scheme 1. It was assumed that G-L and L-G are interconvertible and irreversibly converted to cyclo-G-L, Gly, or Leu. These reactions were assumed to obey first-order kinetics, because the degradation of some amino acids is expressed by firstorder kinetics. [6] [7] [8] Based on the proposed model, the various reaction rates are expressed as follows:
where is the residence time and C GL , C LG , C cyclo , C Gly , and C Leu are the concentrations of G-L, L-G, cyclo-G-L, Gly, and Leu respectively. The rate constants
G-L to Gly and Leu, and L-G to Gly and Leu respectively. Equation (1) can be transformed as follows:
The plot of ðdC cyclo =dÞ=C GL versus C LG =C GL based on eq. (6) gives a straight line, from which the ðdC cyclo =dÞ values can be estimated by graphical differentiation. The k Lc and k Gc values can be obtained from the slope and the intercept respectively. Equation (2) can be transformed as follows:
Similarly, the plot of ðdC Gly =dÞ=C GL versus C LG =C GL based on eq. (7) gives a straight line, and the k Ld and k Gd values can be obtained from the slope and the intercept respectively. Equation (4) can be transformed as follows:
Because the k Gc and k Gd values are already known, the k LG and k GL values can be estimated by plotting ðdC GL =dÞ=C GL versus C LG =C GL . Simulations of the relationship between a component concentration and a residence time were performed using the resulting rate constants by numerically solving differential eqs. (1)- (5) by the Runge-Kutta-Gill method.
Results and Discussion
Degradation of glycyl-L-leucine and L-leucyl-glycine Figure 1 shows the relationships between the concentrations of the various components and the residence times at 200-240 C for the degradation of G-L. G-L decreased with elapsed time at every temperature. L-G increased concomitantly during the early stage, but gradually decreased thereafter. Because the peak for Leu in the HPLC chromatogram piled up on the solvent peak and was not detected, it was assumed that Gly and Leu No decrease in amino acids was observed when an aqueous solution of Gly or Leu was treated at 240 C for 180 s (data not shown). Because the degradation of an amino acid at these temperatures is slow, 6) it can be assumed that it was negligible in this study. No dehydrative condensation between Gly and Leu was observed even at 240 C for 180 s when a mixed solution of the amino acids was treated (data not shown). Hence, the two amino acids can be regarded as the final products formed by the irreversible reactions.
An aqueous solution of L-G was also treated at 200-240 C (Fig. 2) . L-G decreased with elapsed time. G-L increased concomitantly within 30 s, and then gradually decreased. The maximum concentration of G-L (about 3.5 mmol/L) was lower than that of L-G during the treatment of G-L. One of the reasons might be the very slow direct conversion of G-L to Gly and Leu, as explained below. The other tendencies for the formations of cyclo-G-L, Gly, and Leu, were almost the same as those for the treatment of G-L.
Degradation of cyclo-G-L was performed at 200-240 C in order to evaluate its stability. Even during treatment at 240 C for 180 s, only 6.0% of cyclo-G-L degraded, and the degree of degradation at lower temperatures was less than 6% in every case. Hence, we assumed that cyclo-G-L degraded only slightly, and we regarded it as one of the final products. Based on these results and assumptions, the reaction pathway was as shown in Scheme 1.
Estimations of the rate constants and energies of activation Figure 3 shows typical dependencies of the values of ðdC cyclo =dÞ=C GL , ðdC Gly =dÞ=C GL , and ðdC GL =dÞ=C GL on the C LG =C GL values. Each plot yielded a straight line, indicating that the assumption that the reactions obeyed first-order kinetics did not contradict the experimental results. The rate constants were calculated from the slopes and intercepts for every reaction, and the energies of activation and the frequency factors were estimated from Arrhenius plots (Fig. 4, Table 1 ). These energies of activation were much lower than those for the constitutive amino acids (Gly, 166 kJ/mol; 7) Leu, 186 kJ/mol 6) ). There are other components in bioresources, such as sugars and fats. The energy of activation was about 110-170 kJ/mol for the hydrolysis of disaccharides, including maltose, cellobiose, or trehalose, but not lactose or sucrose (about 85 kJ/mol), in subcritical water.
10) The energy of activation was about 70-110 kJ/mol for the hydrolysis of monoacyl glycerols with a medium acyl chain in treatment. 11) Generally, the energy of activation for the degradation of G-L or L-G is almost the same as for the hydrolysis of disaccharides and monoacyl glycerols. Because the energy of activation and the frequency factor for the ring-forming reaction are relatively small, G-L and L-G can easily be cyclized (Table 1) . Nevertheless, the rate constants for the interconversion of G-L and L-G were about 5-16 times higher than those for the ring formations, indicating that these reactions are dominant at 200-240 C. Meanwhile, the k Gd values for the treatment of both G-L and L-G were 1-2 orders lower than the others at every temperature. One of its reasons might be the fact that the electron densities of the carbonyl carbon of the Leu-and Gly residues are different. Thus, k Gd can be ignored, and to simplify the reaction model further, we modified it by omitting the direct conversion of G-L to Gly and Leu (Scheme 2).
An intersection was observed at C LG =C GL % 1:6 and at ðdC GL =dÞ=C GL % 0 (Fig. 3c) . Although the reason is unclear at present, this indicates k GL þ k Gc þ k Gd % 1:6k LG at every temperature from eq. (8) . Because k Gd is very small, the equation can be simplified to k GL þ k Gc % 1:6k LG . This also indicates that C LG % 1:6C GL when dC GL =d % 0, and it corresponds well with the experimental results for every temperature (Fig. 2) .
Based on the rate constants estimated without consideration of k Gd , simulations of the relationship between the fraction of each component and residence time were performed by the Runge-Kutta-Gill method. A slight difference between the experimental and the calculated results was observed in cyclo-G-L formation at the longer residence times (Figs. 1 and 2) . This was probably due to ignoring the degradation of cyclo-G-L in the kinetic model. Although there is a slight difference, the simulated results basically coincided with the experimental ones, indicating that simulations at arbitrary temperatures can be performed at least at 200-240 C. This also suggests that the proposed reaction model is reasonable.
Conclusion
When aqueous solutions of G-L and L-G were treated at 200-240 C, L-G and G-L formed in significant amounts, respectively, and then they decreased gradually. The treatments mainly formed cyclo-G-L, Gly, and Leu as final products. The reaction rate constants relating the degradation of G-L and L-G were estimated under the assumption that all the reactions obeyed first-order kinetics, and the simulated results corresponded well with the experimental one predicting the reaction behavior. The symbols , , , , , and represent k GL , k LG , k Lc ,k Gc , k Ld , and k Gd respectively, and subscript i in rate constant k i represents the abbreviation defined in Scheme 1. 
